To evaluate the role of SLC5A8 in the transport of 2-oxothiazolidine-4-carboxylate (OTC) and to determine whether OTC augments glutathione production in RPE cells, thereby providing protection against oxidative stress. METHODS. SLC5A8-mediated transport of OTC was monitored in Xenopus laevis oocytes by electrophysiological means. Saturation kinetics, Na ϩ -activation kinetics, and inhibition by ibuprofen were analyzed by monitoring OTC-induced currents as a measure of transport activity. Oxidative stress was induced in ARPE-19 cells and primary RPE cells isolated from wild type and Slc5a8
A ge-related macular degeneration (AMD) is the leading cause of blindness in elderly Americans. 1 The vision loss in AMD ultimately results from damage to photoreceptor cells in the central retina, but the initial pathogenesis involves degeneration of RPE cells. 1, 2 The exact mechanisms responsible for RPE degeneration in AMD are not known; however, there is a burgeoning literature supporting a key causative role for oxidant-induced damage/death of RPE cells in the pathogenesis/ progression of the disease. 3, 4 Glutathione is the most abundant endogenous antioxidant in retina, and is essential for protection of cells against oxidative stress. [5] [6] [7] Interestingly, plasma levels of glutathione and glutathione-related enzymes are decreased in association with aging and AMD. 8, 9 As such, discovery of novel therapeutic strategies to enhance the antioxidant capacity of the RPE has immense clinical significance.
A number of mechanisms for modulating the availability of glutathione in cells have been described. 10 Exogenous glutathione can be provided either directly or in the form of glutathione esters; however, previous studies suggest that administering glutathione may be of limited benefit to RPE cells. 5, 7, [11] [12] [13] A very effective alternative to providing intact glutathione is provision of its amino acid constituents, especially cysteine, as it is the availability of cysteine that largely determines glutathione synthesis. 10, 14 The ability of RPE cells to rapidly synthesize glutathione from exogenously supplied cysteine has been documented. 11 Therefore, promoting endogenous glutathione synthesis via administration of cysteine may be a very effective therapeutic strategy for protecting RPE cells against oxidative insult.
2-Oxothiazolidine-4-carboxylate (OTC) is a prodrug of cysteine. On entering cells, OTC interacts with the ubiquitous intracellular enzyme 5-oxoprolinase, readily generating cysteine. 15 Providing cysteine in the form of OTC is ideal because the direct administration of cysteine is associated with high toxicity, specifically in the brain and retina. 16 The ability of OTC to significantly augment intracellular glutathione synthesis is well documented in animals and humans. [17] [18] [19] [20] [21] [22] [23] [24] In fact, OTC is more effective than other cysteine precursors in repleting intracellular glutathione stores. 18, 19, 24 Although the beneficial effects of OTC administration on intracellular glutathione levels have been shown in a number of different cell types, there have been no studies of the effect of OTC on glutathione synthesis in RPE. In addition, the mechanism by which OTC crosses the cell membrane to gain entry into cells is not known.
SLC5A8 (SMCT1) is a Na ϩ -coupled transporter for a variety of monocarboxylates such as lactate, pyruvate, short-chain fatty acids, ketone bodies, and nicotinate. 25 In retina, the transporter is thought to play a critical role in the transcellular transfer of lactate and ketone bodies, thereby serving a key role in the maintenance of energy status in the retina. 26 We recently discovered that pyroglutamate (5-oxoproline) is a transportable substrate for SLC5A8. 27 Given that OTC is a pyroglutamate analog, we asked whether OTC might also be recognized as a transportable substrate for SLC5A8. This question is relevant to RPE because the transporter is expressed in the basolateral membrane of this cell and therefore may be able to mediate the entry of OTC from choroidal circulation into RPE. The present studies show that SLC5A8 does indeed transport OTC. We also show for the first time that OTC augments endogenous glutathione production in RPE cells and that transport via SLC5A8 is obligatory for this process. [ 14 C]-Nicotinate was purchased from American Radiolabeled Chemicals (Saint Louis, MO). L-2-Oxo-4-thiazolidine carboxylate (OTC), ibuprofen, and ␥-glutamyl p-nitroanilide were purchased from SigmaAldrich (Saint Louis, MO). Cell culture media and related reagents were from Invitrogen (Grand Island, NY). Glutathione (GSH) Glo assay kit was from Promega (Madison, WI), and Annexin V-FITC apoptosis kit from eBioscience (San Diego, CA). SLC5A8 cDNA was originally cloned from human intestine.
METHODS

Materials
28
Animals and Cell Culture
Slc5a8
-/-mice have been described previously. 29, 30 The care and use of the animals adhered to institutional guidelines for the humane treatment of animals and to the ARVO statement for the Use of Animals in Ophthalmic and Vision Research. Human RPE cells (ARPE-19) were obtained from American Type Culture Collection (Manassas, VA) and maintained in Dulbecco's modified Eagle's medium (DMEM:F12), supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 g/mL streptomycin. Primary RPE cells (mRPE) were isolated from wild type and Slc5a8 -/-mouse eyes as described previously. 31 mRPE cells were cultured in DMEM:F12 medium supplemented with 25% FBS, 100 U/mL penicillin, and 100 g/mL streptomycin. Passage 2 mRPE cells were used for all experiments.
Transport of OTC via Human SLC5A8 in the X. laevis Oocyte Heterologous Expression System
The preparation of capped cRNA from human SLC5A8 cDNA has been described. 28 Mature oocytes from X. laevis were injected with 50 ng cRNA. Water-injected oocytes served as controls. The oocytes were used for electrophysiological studies 3 to 6 days after cRNA injection. Electrophysiological studies were performed by the two-microelectrode/voltage-clamp method. 28, 32 Oocytes were perifused with a NaClcontaining buffer (100 mM NaCl , 2 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , and 10 mM HEPES/Tris, pH 7.5) followed by the same buffer containing OTC or nicotinate. The membrane potential was clamped at Ϫ50 mV. The differences between the steady state currents measured in the presence or absence of substrates were considered as the substrateinduced currents. In the analysis of the saturation kinetics of OTCinduced currents, the K m K t was calculated by fitting the values of the OTC-induced currents at different OTC concentrations to the MichaelisMenten equation. The Na ϩ -activation kinetics of OTC-induced currents was analyzed by measuring the OTC-specific currents in the presence of increasing concentrations of Na ϩ , and the data were analyzed according to the Hill equation to determine the Hill coefficient (the number of Na ϩ ions involved in the activation process) and K t for Na ϩ .
Because the expression levels varied significantly from oocyte to oocyte, data were normalized by taking the maximally induced SLC5A8-specific current in each oocyte as 1. The kinetic parameters were determined using SigmaPlot software (version 10; Systat Software, Chicago, IL).
The transport of OTC via SLC5A8 was also investigated by an alternative approach in which the ability of OTC to compete with nicotinate for transport via SLC5A8 was monitored. Uptake of [ 14 ]-nicotinate (30 M) in water-injected and SLC5A8 cRNA-injected oocytes was measured for 1 hour in the presence and absence of 1 mM OTC. The effect of ibuprofen, an inhibitor of SLC5A8, 33 on SLC5A8-mediated OTC transport was also studied. The dose-response relationship for ibuprofen-induced inhibition of OTC-induced currents in these oocytes was investigated by fitting the data to the Michaelis-Menten equation, which enabled us to determine the value for K 0.5 (i.e., the concentration of ibuprofen necessary to cause 50% maximal inhibition of OTC-induced currents). Each uptake experiment was performed individually in 10 different oocytes, and the data are presented as mean Ϯ SEM.
Induction of Oxidative Stress and Fluorescence-Activated Cell Sorting Analysis
ARPE-19 cells were seeded in 6-well plates (0.2 ϫ 10 6 cells/well) and grown to ϳ80% confluency. Various concentrations of hydrogen peroxide (H 2 O 2 ) were then tested for induction of oxidative stress in these cells. Protective effects of OTC were studied by first preincubating cells with various concentrations of OTC for 2 hours, followed by treatment with H 2 O 2 for 4 hours. Cell viability was determined via trypan blue exclusion assay and also by flow cytometric analysis of apoptosis using the Annexin V-FITC kit. Similar studies were performed in mRPE cells isolated from wild type or Slc5a8 -/-mouse retinas.
Measurement of Cellular Levels of Glutathione and ␥-Glutamyl Transpeptidase Activity
ARPE-19 cells and wild type and Slc5a8
-/-mRPE cells were cultured in the presence or absence of OTC for 1 hour. Cellular glutathione concentrations were measured using the GSH Glo assay kit following both the manufacturer's instructions and our previously published protocol. 34 In brief, the assay involves a series of two reactions. Luciferin is generated first from a luminogenic substrate, catalyzed by glutathione-S-transferase (GST) in the presence of glutathione. This luciferin is then detected as a luminescent signal that is directly proportional to the amount of luciferin formed and therefore to the amount of GSH present in the sample. The effect of OTC on ␥-glutamyltranspeptidase (␥-GTPase) was measured using mouse kidney homogenates as the source of the enzyme. 35 In addition, RT-PCR was performed to analyze the effects of OTC treatment in mRPE cells on the expression of enzymes responsible for regulating glutathione homeostasis: glutathione synthetase (GS), ␥-glutamatecysteine ligase modulatory (GCL M ) and catalytic (GCL C ) subunits and ␥-GTPase. The RT-PCR primers and corresponding annealing temperatures are listed in Table 1 .
Data Analysis
Electrophysiological measurements of OTC-induced currents were repeated at least three times with separate oocytes. For studies with mRPE cells, two independent preparations of mRPE cells were made from wild type and Slc5a8 -/-mouse eyes. All cell treatments (mRPE and ARPE-19) were performed in duplicate and measurements performed in triplicate. For all experiments, data are presented as mean Ϯ SEM.
RESULTS
Structural Relationship between Nicotinate, Pyroglutamate, and OTC
OTC is a monocarboxylate and is structurally similar to nicotinate and to pyroglutamate, two of the transportable substrates of SLC5A8. 27 The chemical structures of OTC, pyroglutamate, and nicotinate are given in Figure 1 . This suggested that OTC is likely to be transported by SLC5A8.
Transport of OTC via Human SLC5A8 in a Heterologous Expression System Using X. laevis Oocytes
To determine whether OTC is a transportable substrate for SLC5A8, we used the X. laevis expression system. SLC5A8 is an electrogenic transporter, and transport of monocarboxylate substrates via this transporter occurs with a Na ϩ : substrate stoichiometry of 2:1. 27, 28 This makes the transport process electrogenic, with a net positive charge entering the cells during the cotransport of Na ϩ and the monocarboxylate substrate via the transporter. This results in membrane depolarization that can be detected as inward currents under voltage-clamp conditions. With this rationale, we expressed human SLC5A8 in X. laevis oocytes and monitored its transport function by electrophysiological means. Waterinjected oocytes served as negative controls. Nicotinate was used as a positive control, because we have shown previously that exposure of SLC5A8-expressing oocytes to this monocarboxylate induces Na ϩ -dependent inward currents under voltage-clamp conditions. 36 Exposure of human SLC5A8-expressing oocytes to 1 mM nicotinate induced marked inward currents in the presence of Na ϩ ( Fig. 2A) . Such currents were not detectable in SLC5A8-expressing oocytes in the absence of Na ϩ , nor in water-injected oocytes (data not shown). We then examined whether OTC was recognized as a substrate by human SLC5A8 by monitoring the inward currents in human SLC5A8-expressing oocytes on exposure to this compound in the presence of Na ϩ (Fig.  2B) . At a concentration of 1 mM, OTC induced inward currents in SLC5A8-expressing oocytes. These currents were not detectable in water-injected oocytes (data not shown). As seen with nicotinate, the currents induced by OTC were obligatorily dependent on the presence of Na ϩ . Similar results were obtained with three different oocytes. These data show that OTC is indeed a transportable substrate for SLC5A8 and that the transport process is Na ϩ -coupled and electrogenic.
As an additional means of determining whether OTC is a transportable substrate of SLC5A8, we studied the effect of OTC on SLC5A8-specific [
14 C]-nicotinate uptake in human SLC5A8-expressing oocytes (Fig. 3) . If OTC is a substrate of SLC5A8, it should be able to compete with nicotinate for the uptake process. The uptake of nicotinate was ϳ40-fold higher in SLC5A8-expressing oocytes than in water-injected control oocytes. When present at 1 mM, OTC caused 80% to 90% inhibition of SLC5A8-specific nicotinate uptake. These data show that OTC interacts with human SMCT1 and competes with nicotinate for the uptake process.
We then investigated the kinetic features of OTC transport via human SLC5A8 using the same electrophysiological approach. Here we used OTC-induced currents as the measure of transport activity. The transport of OTC via SLC5A8 was saturable, with a K m (K t ) of 104 Ϯ 3 M (Fig. 4A) . Na ϩ -activation kinetics indicated that the relationship between SLC5A8-mediated OTC transport and Na ϩ concentration was sigmoidal (Fig. 4B) , suggesting involvement of more than one Na ϩ in the activation process. The Hill coefficient was 1.9 Ϯ 0.1, which indicates that for every molecule of OTC transported, 2 Na ϩ ions are also cotransported. The concentration of Na ϩ necessary for halfmaximal activation of OTC-induced currents was 22 mM. The observed Na ϩ :OTC stoichiometry of 2:1 provides the molecular basis for the electrogenic nature of the transport process.
Our previous studies have shown that ibuprofen is a potent blocker of human SLC5A8. 33 Therefore, if OTC is a transportable substrate for SLC5A8, the addition of ibuprofen to the perifusion medium should interfere with OTCinduced inward currents in SLC5A8-expressing oocytes. This was indeed the case. In the absence of ibuprofen, OTC (100 M) induced marked inward currents in human SLC5A8-expressing oocytes (Fig. 5) . However, when ibuprofen (50 M) was included along with OTC in the perifusion medium, there was ϳ80% inhibition of currents induced by OTC. We investigated the dose-response relationship for blockade of OTC-induced currents by ibuprofen (Fig. 6) . We monitored OTC transport with perifusion of SLC5A8-expressing oocytes with OTC (100 M) in the presence of Na ϩ and increasing concentrations of ibuprofen. Ibuprofen decreased the magnitude of OTC-induced currents in a dosedependent manner. The concentration of ibuprofen needed for half-maximal blockade of the OTC-induced currents was 17 Ϯ 1 M. (Fig. 7) . Treatment of cells with H 2 O 2 decreased the percentage of viable cells significantly. However, inclusion of OTC (1 mM) in the culture media reduced this effect on cell viability (Fig. 7A) . The effectiveness of OTC in protecting ARPE-19 cells from oxidant-induced cell death was confirmed by Annexin V-FITC apoptosis assay (Fig. 7B) . The protection of cells conferred by OTC treatment was associated with an increase in intracellular glutathione levels (Fig. 7C) .
Measurement of Glutathione Levels in Wild Type and Slc5a8 -/-mRPE Cells and Protection against Oxidative Stress
If SLC5A8 is required for OTC entry into cells, then culturing cells in the presence of OTC should only have an effect on cell viability and intracellular glutathione status in cells in which SLC5A8 is present. To determine whether this is the case, we isolated primary RPE cells (mRPE) from wild type and Slc5a8 -/-mouse retinas. Uptake measurements showed Na ϩ -dependent nicotinate uptake in wild type mRPE but not in knockout mRPE (Fig. 8A) -/-mRPE cells were then treated with 25 M H 2 O 2 in the presence or absence of OTC (250 and 500 M), followed by analysis of intracellular glutathione concentrations and cell viability. OTC increased glutathione levels in a dose-dependent manner in wild type mRPE cells, but had no effect on glutathione levels in Slc5a8 -/-cells (Fig. 8C ). In addition, OTC (500 M) protected wild type mRPE from H 2 O 2 -induced cell death, but had no effect on the viability of Slc5a8 -/-mRPE cells (Fig. 8D ). These data suggest that the ability of OTC to enter RPE cells and increase intracellular glutathione levels as a means to protect against oxidative insult is obligatorily dependent on Slc5a8. The effect of OTC on the activity of ␥-GTPase-a plasma membrane enzyme that plays a critical role in regulating glutathione homeostasis-was also examined. Given the extremely low ␥-GTPase activity in RPE cells in culture, we used mouse kidney homogenates as the source of the enzyme. OTC had no effect on ␥-GTPase activity (activity of the enzyme in the presence of 1 mM OTC was 94 Ϯ 2% of control activity; P Ͼ 0.05). In addition, RNA samples from wild type mRPE cultured in the presence or absence of OTC (1 mM) were used for RT-PCR to examine the effects of OTC on steady state levels of mRNAs for ␥-GTPase and other enzymes involved in glutathione synthesis. OTC had no effect on the expression of any these enzymes (Fig. 8E) .
DISCUSSION
OTC is a substrate for 5-oxoprolinase and is rapidly converted into cysteine, the rate-limiting amino acid in glutathione synthesis, upon entering cells. The administration of OTC is a therefore a very effective means of enhancing endogenous glutathione synthesis. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] The majority of pre- Demonstration of human SLC5A8-mediated OTC transport in the Xenopus laevis oocyte expression system. (A) SLC5A8 cRNA-injected oocytes were perifused with 1 mM nicotinate in the presence of NaCl (ϩNa ϩ ) or NMDG chloride (-Na ϩ ). Currents were monitored by the two-microelectrode voltage-clamp technique. (B) SLC5A8 cRNA-injected oocytes were perifused with 1 mM OTC in the presence of NaCl (ϩNa ϩ ) or NMDG chloride (-Na ϩ ). vious studies of OTC have focused on its use in augmenting glutathione synthesis in a variety of disease conditions in which oxidative stress and resultant glutathione depletion are implicated, such as HIV infection, asthma, and liver disease. 22, [37] [38] [39] [40] Although the beneficial effects of OTC as an antioxidant drug are well established, before the present study, whether OTC might also be beneficial in protecting RPE cells against oxidative stress had not been studied. The mechanism by which OTC crosses the plasma membrane thereby gaining entry into the cell was also not known. Here we show for the first time that OTC protects RPE cells against oxidative damage. We show also the obligatory involvement of the Na ϩ -coupled monocarboxylate transporter SLC5A8 (SMCT1) in the transport of OTC. RPE is exposed to considerable amounts of oxidative stress on a continuous basis, even in the absence of disease. This stems from its high oxygen consumption and the fact that a number of routine functions performed by RPE cells by themselves generate a significant amount of oxidative stress. 4, 41, 42 As such, healthy RPE cells are equipped with very effective endogenous defenses against oxidative stress. 4 Considerable evidence indicates that aging is associated with an increase in production of oxidative stress but a decrease in the antioxidant capacity of RPE cells. 4, 43 Indeed, severe oxidative stress is known to cause degeneration of RPE cells and is a critical factor in the pathogenesis of AMD. The development of novel strategies for enhancing the ability of RPE cells to combat oxidative stress is therefore critically important and highly relevant clinically. A compound like OTC that is capable of augmenting endogenous glutathione synthesis may prove beneficial in protecting RPE cells from oxidative stress. OTC is similar in structure to pyroglutamate and nicotinate, both of which are substrates for SLC5A8. In retina, SLC5A8 is expressed in retinal neurons and in the basolateral membrane of RPE, 26 a location conducive to interaction of the transporter with substrates present in the choroidal circulation. Therefore, if OTC is a substrate for SLC5A8, then the transporter expressed on the basolateral membrane of RPE cells can mediate Na ϩ -dependent active entry of OTC from the choroidal circulation into the RPE, resulting in increased glutathione production inside the cells. This could represent a novel strategy to enhance glutathione levels and increase the antioxidant capacity in RPE cells. This rationale led us to the present study, where we evaluated the ability of OTC to protect RPE cells against oxidative stress and the transport of OTC by SLC5A8.
We sought first to determine whether OTC is a substrate for SLC5A8. Indeed this was the case, as our data show that SLC5A8 transports OTC very effectively. Expression of the human SLC5A8 in X. laevis oocytes induced Na ϩ -dependent inward currents in the presence of OTC under voltage-clamp conditions, suggesting that OTC is a transportable substrate for SLC5A8. SLC5A8-mediated transport of OTC was saturable with a K m of 104 Ϯ 3 M. The Na ϩ -activation kinetics was sigmoidal with a Hill coefficient of 1.9 Ϯ 0.1. Ibuprofen, a specific blocker of SLC5A8, suppressed OTC-induced currents in SLC5A8-expressing oocytes; the concentration of the blocker necessary for causing half-maximal inhibition was 17 Ϯ 1 M. 
FIGURE 4. Saturation kinetics (A) and Na
ϩ -activation kinetics (B) of human SLC5A8-mediated OTC transport in the Xenopus laevis oocyte expression system. (A) Inward currents were monitored in SLC5A8 cRNA-injected oocytes in the presence of increasing concentrations of OTC in perfusion buffer. The experiment was performed in four different oocytes. Because the expression levels of SLC5A8 varied to some extent in different oocytes, the data were normalized by taking the maximal current induced by the highest concentration of OTC (2.5 mM) as 1 in each oocyte and then calculating the currents induced by OTC at other concentrations as a fraction of this maximal current. Inset: Eadie-Hofstee plot. (B) OTC (1 mM)-induced inward currents were monitored in SLC5A8 cRNA-injected oocytes in the presence of increasing concentrations of Na ϩ (2.5-100 mM). The concentration of Cl Ϫ was maintained at 100 mM by appropriately substituting NaCl with NMDG chloride. The experiment was performed with three different oocytes, and the currents were normalized as described above to adjust for variations in the expression levels in different oocytes. Inset: Hill plot.
The ability of OTC to increase intracellular glutathione levels and protect cells against oxidant-induced cell death has been documented in a number of differing cell types but never examined in RPE. Here we revealed that OTC protects ARPE-19 cells against cell death caused by oxidative damage. In the presence of H 2 O 2 , a known inducer of oxidative cell damage, there was ϳ60% cell death. However, in the presence of OTC, the H 2 O 2 -induced death of ARPE-19 cells was reduced significantly. The protective effects of OTC were associated with increased levels of glutathione in these cells. Collectively, these data suggest that RPE cells are indeed amenable to antioxidant treatment using OTC. To determine definitively whether SLC5A8 is required in this process, we studied the effects of OTC on nicotinate uptake, cell viability, and glutathione levels in mRPE cells isolated from wild type and Slc5a8 -/-mouse retinas. OTC competed with nicotinate for uptake in wild type mRPE cells but had no effect in Slc5a8 -/-mRPE cells. When added to the culture medium of wild type mRPE cells, OTC induced a significant increase in intracellular glutathione levels and protected these cells from oxidant-induced cell death. However in Slc5a8 -/-mRPE cells, OTC treatment had no significant effect, confirming the obligatory requirement of Slc5a8 for OTC entry into RPE cells. Interestingly, we found that glutathione levels were significantly lower in knockout mRPE cells compared to wild type cells under normal culture conditions in the absence of OTC treatment. This suggests that the absence of Slc5a8 expression in these cells may have an effect on other, hitherto unidentified, factor(s) associated with the glutathione homeostasis in mRPE cells. Additional studies are needed to evaluate this possibility.
Oxidative stress is associated with a number of changes at the cellular and molecular level, including low antioxidant levels, protein modification, mitochondrial DNA damage, and lipid peroxidation. Among these, a decline in endogenous synthesis of glutathione has been the most consistently observed phenomenon in in vitro studies, animal studies, and human patients. 44, 45 As such, strategies for increasing endogenous glutathione synthesis in RPE cells may be of tremendous benefit in preserving the viability of these cells under conditions of increased oxidative stress such as occurs with aging, exposure to cigarette smoking, and AMD. Given that cysteine is regarded as the limiting precursor in glutathione synthesis, provision of cysteine prodrugs as a means of increasing endogenous glutathione levels has received a great deal of attention. OTC is a cysteine prodrug. In comparison to other cysteine prodrugs that have been used clinically with success, OTC appears to be superior in its ability to raise intracellular glutathione levels and protect cells from oxidative stress. 18, 19, 24 In addition, OTC treatment is associated with low toxicity and is well tolerated in patients. 10 -/-mRPE cells were incubated in the presence or absence of two different concentrations of OTC (250 and 500 M) for 60 minutes, followed by determination of intracellular glutathione concentration (*P Ͻ 0.001 compared to WT cells; **P Ͻ 0.001 compared to WT cells cultured in the absence of OTC; NS, not significant compared to KO cells cultured in the absence of OTC). (D) Oxidative stress was induced in WT and KO mRPE using H 2 O 2 (25 M) in the presence or absence of 500 M OTC. Cell viability was analyzed by trypan blue exclusion assay (*P Ͻ 0.01 compared to control cells cultured in the absence of H 2 O 2 and of OTC; **P Ͻ 0.01 compared to WT cells cultured in the presence of H 2 O 2 ; NS, not significant compared to KO cells cultured in the presence of H 2 O 2 ). (E) RT-PCR analysis of mRNA expression of genes involved in glutathione homeostasis.
boxylate transporter SLC5A8 and the resultant increase in intracellular glutathione levels in RPE cells suggests that administration of OTC may be beneficial as a therapeutic strategy for the treatment of AMD and other retinal diseases in which oxidative damage to RPE plays a significant role. SLC5A8 is expressed in the basolateral membrane of the RPE, a location ideal for mediating the active entry of OTC from the choroidal blood into RPE cells. Therefore, based on the results of the present study, we predict that OTC, when present in systemic circulation, will be transported actively into RPE cells via SLC5A8 at the basolateral membrane and will enhance glutathione synthesis and antioxidant capacity in these cells as a means to protect the cells from oxidative damage.
